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LOW LATENCY CENTRALIZED RTK
SYSTEM

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates generally to real time kinematic
(RTK) systems and, more particularly, to RTK systems uti-
lizing central processing.

2. Background Information

RTK systems typically utilize one or more GNSS reference
receivers, or base stations, with known locations that provide
GNSS pseudorange and carrier phase observables and,
optionally, associated correction information to remote
receivers, or rovers. The GNSS pseudorange, carrier phase
observables and, as appropriate, correction information are
collectively referred to herein as “the base station GNSS
measurements.” The rovers use their own GNSS measure-
ments and the base station GNSS measurements to determine
RTK solutions. The rovers thus determine baselines to the
respective base stations and use the baselines, in a known
manner, to determine their own precise positions. The correc-
tion information relates to satellite signal delays associated
with changes in satellite orbits, and so forth, which would
otherwise introduce errors into the rover position calcula-
tions.

The base stations, operating in a known manner, transmit or
broadcast the base station GNSS measurements to the rovers.
The rovers use their own GNSS measurements and the base
station GNSS measurements to calculate estimates of the
real-valued carrier cycle ambiguities and resolve the ambigu-
ities into integers. The rovers may also, as appropriate, use the
measurements to estimate atmospheric, geometric, and other
environmental errors based on system models that are main-
tained at the rovers. The rovers then use the ambiguities and
the error estimates to ultimately determine precise positions.
The various calculations performed by the rover utilize rover
GNSS measurements that are closely matched in time with
the base station GNSS measurements provided by the one or
more base stations. Accordingly, the operations are com-
monly referred to as “matched updates.”

Before performing a matched update, a given rover must
wait to receive the base station GNSS measurements from the
one or more base stations. The rover then matches the
received measurements with the GNSS measurements
retained over the same time period by the rover, and performs
the necessary, processing-intensive calculations to estimate
the real-valued ambiguities and then resolve the ambiguities
to integers. As appropriate, the rovers also perform the pro-
cessing-intensive calculations necessary to update the system
models. Due to the wait for receiving GNSS measurements
from the base stations there is inherent latency associated
with the processing-intensive calculations performed by the
given rovers.

In parallel with the matched update the given rover
extrapolates the base station GNSS measurements to the cur-
rent time and calculates updated baselines and positions,
based on the instantaneous GNSS measurements made by the
rover and the calculated ambiguities from the most recent
matched update. The extrapolation, however, introduces
errors into the precise position calculations, and the longer the
latency associated with the matched update, the more error is
introduced into the baseline and position calculations.

The rover performs the matched updates to estimate and
resolve the ambiguities at least each time the rover loses lock,
which may occur, for example, when the rover travels under
a bridge, in a tunnel, under tree canopy or through an urban
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canyon, and also each time a new satellite rises sufficiently
above the horizon for its signals to be included in the position
calculations. Also, the matched updates may be performed
periodically between such events, to ensure that the error
introduced into the position calculations by the extrapolation
of'the base station GNSS measurements is kept to an accept-
able level.

There is a trade-off between the time required to perform
the matched updates and the precision of the calculated posi-
tions. Accordingly, to minimize the latencies associated with
the matched updates, the rovers must have sufficient process-
ing capacity and available power to perform the processing
intensive calculations for resolution of the ambiguities rela-
tively quickly using the matched data sets. The respective
rovers are therefore complex and expensive.

Centralized RTK systems utilize low cost slave receivers in
place of the rovers. The slave receivers provide GNSS mea-
surements to a central processing facility that also receives
the GNSS measurements from the respective base stations.
The central facility performs the calculations to resolve the
carrier cycle ambiguities, update the system models and cal-
culate the precise positions of the slave receivers. The facility
then provides the calculated precise positions to the respec-
tive slave receivers. The trade-off in such a system is between
the use of the low cost slave receivers and the increased
latency of the precise position information provided to the
slave receivers by the central facility.

While such centralized RTK systems tend to work well for
certain applications, such as applications that utilize post-
processed data, the relatively long latencies associated with
providing the precise positions to the respective slave receiv-
ers is unacceptable for other applications in which the posi-
tion information is required in a more timely manner by, for
example, kinematic users.

SUMMARY OF THE INVENTION

A low-latency centralized RTK system includes an RTK
server that performs matched updates using GNSS measure-
ments from one or more the rovers and the base station GNSS
measurements from one or more base stations. The RTK
server provides at least the results of the matched updates to
the rovers and the rovers produce RTK solutions.

The RTK server includes one or more processors that
readily perform the matched updates and a transmitter that
transmits at least the ambiguities to the rovers. The respective
rovers, which each have processing power that is sufficient to
quickly calculate RTK baselines, utilize the received ambi-
guities as well as the known positions of the one or more base
stations, periodic base station GNSS measurements from the
respective base stations, and instantaneous GNSS measure-
ments made at the rovers to readily determine and update
RTK baselines and their own respective positions.

The low-latency centralized RTK system takes advantage
of'the processing capacity ofthe one or more processors at the
RTK server to relatively quickly perform the processing-
intensive matched update calculations. The rovers then per-
form the less processing-intensive and lower power consum-
ing RTK baseline and position calculations involving their
own instantaneous GNSS observations and extrapolated base
station GNSS measurements, to determine precise updated
positions utilizing the results of the matched updates. When-
ever new matched updates are performed, the RTK server
provides updated ambiguities to the rovers, and the rovers
continue their RTK baseline and position calculations using
the updated ambiguities.
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The system thus provides low latency RTK solutions at the
rovers without having to utilize complex and expensive rov-
ers.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention description below refers to the accompany-
ing drawings, of which:

FIG. 1 is a functional block diagram of a system con-
structed in accordance with the invention; and

FIG. 2 is a functional block diagram of an alternative
system constructed in accordance with the invention.

DETAILED DESCRIPTION OF AN
ILLUSTRATIVE EMBODIMENT

Referring now to FIG. 1, a system 100 includes an RTK
server 110 with one or more processors 108, which for con-
venience are referred to hereinafter singly and collectively as
the “processor 108.” The RTK server 110 receives base sta-
tion GNSS measurements, which include GNSS observables,
such as pseudoranges and carrier phase observables and as
appropriate correction information, from one or more GNSS
base stations 120. The RTK server also receives GNSS mea-
surements from one or more rovers 130. In a first example, the
system utilizes the base station GNSS measurements that are
provided to the RTK server by a single base station. In the
example, the RTK server may, but need not, be co-located
with the base station.

The base station 120 is stationary and has an essentially
clear view of the sky. The base station receives signals from
GNSS satellites 140 in view and, operating in a known man-
ner, acquires and tracks GNSS satellite signals and makes
GNSS carrier phase observations, determines pseudoranges
and, as appropriate, determines its position. The base station
then provides the information, referred to singly and collec-
tively as the “GNSS measurements,” to the RTK server 110.

The RTK server 110 uses the base station GNSS measure-
ments and the GNSS measurements from the respective rov-
ers that correspond closely in time to perform matched
updates that estimate and, as appropriate, resolve the carrier
cycle ambiguities for the respective rovers. As also appropri-
ate, the RTK server utilizes and updates system models, to
estimate atmospheric, geometric, and/or other environment-
based errors and produce correction information. The RTK
server then transmits to the respective rovers at least the
ambiguities, as either real-valued ambiguities or ambiguities
resolved as integers, and, as appropriate, the correction infor-
mation. A given rover then utilizes the received ambiguities
and the correction information to determine RTK baselines
and precise positions based on extrapolated base station
GNSS measurements and instantaneous GNSS measure-
ments made by the rover.

The base station GNSS measurements used by the rovers
130 may come directly from the base station, or the measure-
ments may be forwarded from the RTK server 110 to the
rovers. The RTK server may, alternatively, create a set of
virtual base station GNSS measurements that account for the
atmospheric, geometric, and other errors. Thus, the rover may
no longer require the corrections as part of the base station
GNSS measurements, and system bandwidth requirements
are reduced.

The RTK server 110 utilizes the processor 108 to relatively
quickly perform the processing-intensive calculations neces-
sary to estimate and resolve the carrier cycle ambiguities for
the respective rovers 130, and thus, frees the rovers from
performing the calculations. Accordingly, the rovers need
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only have sufficient processing capacity and available power
to perform the less-intensive, low-latency RTK baseline and
position calculations. As discussed, the RTK server may also
provide to the rovers 130 a set of virtual base station GNSS
measurements that further reduce the processing require-
ments at the rovers.

The system 100 operates at essentially the same latency as
a non-centralized RTK system, which employs complex and
expensive rovers which have the power and processing capac-
ity to relatively quickly perform their own latent matched
updates as well as their own low latency RTK baseline and
position calculations. The system 100, however, achieves the
same overall total low latency of the non-centralized RTK
systems using less complex and less expensive rovers.
Accordingly, the system 100 can operate with, for example,
relatively low cost mobile receivers that have reduced power
and processing capabilities, that is, power and processing
capabilities sufficient only to perform the less processing-
intense, low latency RTK baseline and position calculations.

The RTK server 110 may also readily perform calculations
that would not be practical even at the complex and expensive
rovers that are used in the prior non-centralized RTK systems.
For example, the RTK server 110 may use fully-populated
measurement covariance matrices to improve the modeling of
atmospheric, geometric and/or other environment-based
error conditions, and so forth. Alternatively or in addition, the
RTK server may use the base station GNSS measurements
and, as appropriate, correction information, from multiple
base stations and/or the GNSS measurements from multiple
rovers to improve the estimates of the atmospheric, geomet-
ric, or other errors in the regions in which the base stations and
rovers are operating.

Another advantage of having the matched update calcula-
tions performed at the RTK server 110 and the instantaneous
RTK baseline and position calculations performed at the rov-
ers 130 is that the rovers need only transmit their GNSS
measurements to the RTK server, since the RTK server has
access to all of the other information required for the matched
updates, such as, for example, the satellite orbit and clock
information and the system state models for the atmospheric,
geometric and other error conditions. Further, the RTK server
110 need only transmit to the rovers the ambiguities and the
base station GNSS measurements, assuming the base stations
do not transmit their measurements to the rovers, and thus, the
system may operate with relatively low bandwidth require-
ments. If the base stations provide their base station GNSS
measurements to the rovers, the RTK server 110 need only
transmit the ambiguities to the rovers when the ambiguities
change.

The RTK server 110 may also receive pertinent informa-
tion from other sources through, for example, an Internet
connection or other network connection (not shown). The
RTK server may thus have access to information, such as,
precise satellite orbits, precise clocks, atmospheric condi-
tions, and so forth, that can be utilized in the system models
and/or in the calculations of the ambiguities and/or correction
information apart from the operations of the base stations 120
and the rovers 130. The RTK server may package and
rebroadcast certain or all of the information to the rovers for
use in the low-latency RTK solution calculations. The RTK
server 110 may also transmit to the rovers tracking assistance
information that includes a list of satellites in view, Doppler
frequencies, current time, and other information that allows
the rovers to improve GNSS satellite signal tracking perfor-
mance.

The communications between the RTK server 110, the
base station 120 and/or the rovers 130 may be over commu-
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nication lines 115, by broadcast, and/or transmitted by wire or
wirelessly directly to and from the respective rovers and the
base stations. Thus, the rovers and base stations include
appropriate circuitry and, as appropriate, antennas, to receive,
process and/or transmit the measurements and information.

Referring now to FIG. 2, in a second example, the RTK
server 110 receives base station GNSS measurements from
multiple base stations 120 and GNSS measurements from
multiple rovers 130. The RTK server performs matched
updates for various base station-rover combinations. Alterna-
tively, or in addition, the RTK server 110 may manipulate the
data provided by all or a plurality of the base stations 120 and
the respective rovers 130 to formulate appropriate system
models, and so forth, for a network RTK system. Further,
using the processing capacity of the processor 108, the RTK
server may simultaneously perform the processing-intensive
matched updates for a given rover 130 using the data provided
by all or a selected plurality of the base stations, treating the
base stations as individual base stations, networked base sta-
tions, or both.

The simultaneous processing of matched updates for mul-
tiple base stations and rovers is not typically possible in a
non-centralized RTK system, even with the complex and
expensive rovers utilized in such systems. Accordingly, vir-
tual base stations and/or master base stations are instead
utilized, to ease the processing burden on the rovers. How-
ever, the calculations required to introduce a virtual base
station into the system and/or utilize a master base station add
complexity and overhead to the non-centralized system and
may introduce longer latencies into the matched update cal-
culations performed by the rovers. The system 100 can oper-
ate with a virtual and/or a model base station without intro-
ducing additional rover overhead by having the RTK server
110 perform the necessary calculations using the base station
GNSS measurements and the rover GNSS measurements that
are already being provided to the RTK server.

Further, the system 100 may batch process the GNSS mea-
surements from multiple rovers to, for example, determine
more accurate system models. The RTK server 110 may also
determine, based on the system dynamics, multipath correc-
tions and/or quality levels for the base station GNSS mea-
surements and the rover GNSS measurements, and transmits
the results to the rovers. The rovers can then use the informa-
tion, as appropriate, to weight respective GNSS measure-
ments for use in the RTK baseline and position calculations
and/or to perform known multipath mitigation calculations.

The system 100 is thus more flexible than the known prior
RTK systems, which operate either as a network RTK system
or as non-networked RTK system and with either actual base
stations or a virtual or model base station. In addition, the
system 100 operates with improved correction information
using more accurate system models and/or quality of mea-
surement information. Further, the system 100 is able to
achieve the flexibility and improvement without increasing
latencies above those associated with the known non-central-
ized RTK systems that employ complex and expensive rovers.

The RTK server 110 may provide the satellite ephemeris to
the rovers 130. Alternatively, the rovers 130 or the base sta-
tions 120 may provide such information to the RTK server.
Similarly, the satellite coordinates may be calculated by the
rovers and/or the base stations and provided to the RTK
server. Further, the satellite orbit corrections may be provided
to the rovers directly from the base stations or from other
sources. Accordingly, the operations of the system 100 may
be customized based on the processing capabilities, power
and bandwidth available at the respective base stations and
rovers.
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The RTK server 110 may consist of one or multiple com-
municating servers. As discussed the processor 108 may con-
sist of one or multiple processors. Further, the RTK server 110
may operate in an RTK network that utilizes a virtual base
station and/or a master base station, to make the network
available to lower power, less complex rovers. Respective
base stations may be in known positions determined by sur-
vey, and so forth, or may be stationary with their positions
determined from the GNSS satellite signals alone or using a
differential global positioning system, precise point position-
ing, and/or other known techniques for determining precise
positions.

What is claimed is:

1. A real time kinematic (RTK) system comprising:

one or more base stations at stationary locations;

one or more remote receivers;

an RTK server with one or more processors, the server

receiving base station Global Navigation Satellite Sys-
tem (GNSS) measurements from the one or more base
stations and GNSS measurements from the one or more
remote receivers over a given period of time and per-
forming matched updates to estimate and resolve ambi-
guities for the one or more remote receivers, the server
providing the resolved ambiguities to the respective
remote receivers; and

the one or more remote receivers utilizing the base station

GNSS measurements and the ambiguities provided by
the RTK server and calculating RTK baselines and posi-
tions based on instantaneous GNSS measurements
made by the respective rovers.

2. The RTK system of claim 1 wherein the remote receivers
have limited processing power and capacity that are sufficient
for performing low-latency RTK base line and position cal-
culation.

3. The RTK system of claim 1 wherein the RTK server
provides the ambiguities as real-valued ambiguities.

4. The RTK system of claim 1 wherein the RTK server
further resolves the ambiguities and provides the ambiguities
as resolved integers.

5. The RTK system of claim 1 wherein

the base station GNSS measurements are provided to the

one or more remote receivers by either the RTK server or
the base stations.

6. The RTK system of claim 1 wherein

the RTK server further provides to the one or more rovers

correction information associated with one or more of
satellite orbits, atmospheric conditions, geometric con-
ditions and environment-based conditions, and

the one or more rovers use the correction information to

calculate RTK baselines and positions.

7. The RTK system of claim 6 wherein the RTK server
utilizes GNSS measurements from multiple base stations to
determine the correction information.

8. The RTK system of claim 3 wherein

the RTK server provides acquisition and tracking assis-

tance information to the one or more remote receivers;
and

the one or more remote receivers utilize the assistance

information to acquire and track GNSS satellite signals.

9. The RTK system of claim 6 wherein the RTK server
updates system state models during the matched updates to
produce the atmospheric, geometric and environment-based
correction information.

10. The RTK system of claim 1 wherein the RTK server
calculates the matched updates for a given remote receiver
and a single base station.
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11. The RTK system of claim 10 wherein the base station
and the RTK server are co-located.
12. The RTK system of claim 1 wherein the RTK server
calculates matched updates for a given remote receiver and
multiple base stations.
13. The RTK system of claim 12 wherein the RTK server
operates with multiple base stations as an RTK network and
provides to the given remote receiver correction information
for the network.
14. The RTK system of claim 1 wherein the RTK server
calculates and provides to the one or more rovers information
relating to one or both of multipath conditions and quality of
measurement.
15. A method for determining precise position comprising:
receiving GNSS signals at one or more base stations
located at known locations and providing base station
GNSS measurements periodically to an RTK server;

receiving GNSS signals at one or more remote receivers
and periodically providing GNSS measurements to the
RTK server;

at the RTK server performing matched updates using the
GNSS measurements from the one or more base sta-
tions, known positions of the one or more base stations,
and the GNSS measurements from the one or more
remote receivers and providing ambiguities to the one or
more remote receivers; and
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at the remote receivers determining RTK baselines and
positions using the base station GNSS measurements,
the known base station positions, the ambiguities and
instantaneous GNSS measurements at the remote
receivers.

16. The method of claim 15 further including the RTK
server resolving the ambiguities as integers and providing the
ambiguities as resolved integers.

17. The method of claim 15 further including the base
stations determining the respective known locations from the
GNSS signals.

18. The method of claim 15 further including the RTK
server manipulating the measurements from one or more of
the base stations and one or more of the remote receivers to
formulate system models for one or more of atmospheric
conditions, geometric conditions and environments-base
conditions.

19. The method of claim 15 further including at the RTK
server, processing the matched updates for multiple base sta-
tions and remote receivers simultaneously.

20. The method of claim 15 further including, at the RTK
server, processing the measurements from the base stations
and the remote receivers as one or both of a networked RTK
system and a non-networked RTK system.
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